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Five glucosidases  were studied  with  respect  to  their ability  to catalyse  the  transglycosylation  of  mal-
tose  or  cellobiose.  Experiments  were carried  out  at high  substrate  concentrations  to  increase  the  ratio
between  transglycosylation  and  hydrolysis.  The  properties  of  the enzymes  were  quite  different,  and  as
a simple  descriptor  of  transglycosylation  ability  we  suggest  the use  of  the  acceptor  concentration  (in
this  case,  the disaccharide  concentration)  required  to achieve  the  same  initial  rate  in  transglycosyla-
tion  as  in  hydrolysis.  We  call  this  descriptor  T50.  Aspergillus  niger  transglucosidase  had  the lowest  T50
value  (30  mM)  and  produced  panose  as  the major  product  from  maltose  with a 69%  yield  after  6 h. With
a  longer  incubation  time,  secondary  hydrolysis  occurred  and  isomaltose  could be obtained  with  a  65%rebiotics
risaccharide preparation
yield. Aspergillus  niger  glucosidase  was  the  most  efﬁcient  enzyme  for  the  transglycosylation  of  cellobiose
with  a  T50 value  of  130 mM. It produced  mainly  cellotriose  with  the 1,6-linked  trisaccharide  (6-O--
glucopyranosyl-cellobiose)  as  a side  product.  Almond  -glucosidase  had  a T50 value  much  higher  than
320  mM  (the  highest  concentration  tested),  and  it produced  6-O--glucopyranosyl-cellobiose  as  the  main
transglycosylation  product.
©  2015  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND. Introduction
Oligosaccharide synthesis is becoming important for the phar-
aceutical industry since these complex molecules have great
otential as therapeutic agents [1–3]. Furthermore, some oligosac-
harides are used as additives in food ingredients due to the
eneﬁcial effects they show by stimulating the growth and/or
ctivity in gut bacteria [4]. Among them, isomalto-oligosaccarides
re glucosyl saccharides with only -(1-6) and -(1-4) linkages
5–8]. They are considered as anticariogenic agents and prebi-
tics since they have biﬁdogenic activities in vitro [9]. From a
hemical point of view, the assembly of these natural prod-
cts presents two crucial challenges. Different functional groups
f similar reactivity on each monomer accentuate the need for
ffective distinction to allow for access to branched structures.
oreover, a new stereogenic centre is created each time a gly-
osidic linkage is formed. The necessity to purify the reaction
roducts by chromatography after each step makes oligosaccharide
ynthesis an arduous, time-consuming and ineffective task. Even
hough improvements in protection/deprotection chemistry and
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/).license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
new asymmetric methodologies have been developed, oligosac-
charide synthesis remains a challenge for organic chemists [10].
The use of enzymatic methods overcomes some of the limitations.
Orthogonal protection/deprotection of the different moieties is not
necessary due to the outstanding regioselectivity some of these
catalysts present, and the stereochemical control of the new bond
formed is total. Two main approaches have been used in enzymatic
oligosaccharide synthesis: glycosyl transferases and glycosidases
[11–13]. Glycosyl transferases are the enzymes responsible for the
biosynthesis of oligosaccharides in vivo. In this case, the sugar has
to be activated on the anomeric centre by either a nucleoside phos-
phate or a single phosphate [14]. Only a few of these enzymes are
commercially available. On the other hand, glycosidases belong to
the family of hydrolases and their natural function is the cleavage
of glycosidic bonds [15,16]. Exoglycosidases cleave only terminal
sugar residues whereas endoglycosidases can break a polysaccha-
ride chain in the middle. Glycosidases can catalyse either reverse
hydrolysis (thermodynamic control) or transglycosylation (kinetic
control) under a retaining mechanism (Fig. 1). When a disaccharide
is used as substrate, the transglycosylation product is formed via
autocondensation. For this to happen, this process must be faster
than glycoside hydrolysis, and the enzyme transfers a glycosidic
residue from a glycoside donor to an acceptor with retention in the
anomeric conﬁguration [17]. Generally glycosidases do not show
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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cFig. 1. Mechanism for retaining glucosidases. (a) Hydrolysis, (b
igh regioselectivities, The primary hydroxyl group reacts pref-
rentially obtaining the corresponding 1-6 products although the
inkage can occur in all positions, leading to a range of different
roducts [18]. Several approaches have been developed to drive
he reaction towards transglycosylation. Among them, working
t high substrate concentrations represents a promising strategy
ince reduction of hydrolytic activity has been reported for sub-
trate concentrations above their KM [19–24].
Herein, we report an enzymatic study in which one in-house
nd four commercial glucosidases were tested at high substrate
oncentrations (cellobiose and/or maltose) for the preparation of
ifferent glucosyl oligosaccharides.
. Material and methods
.1. Chemicals
Glucosidases from almond (EC 3.2.1.21), Aspergillus niger
EC 3.2.1.20), -glucosidase from Saccharomyces cerevisiae (EC
.2.1.20), maltose, panose, cellotriose, gentiobiose, isomaltose, cel-
obiose and  and  p-nitrophenyl glucoside were purchased from
igma–Aldrich (Steinheim, Germany). Thermotoga neapolitana -
lucosidase 3B (EC 3.2.1.21) was obtained from Escherichia coli
atch cultivations and puriﬁed using a two-step protocol, includ-
ng heat treatment of the cell extract (70 ◦C, 30 min), followed by
mmobilized metal ion afﬁnity chromatography using the super-
atant from the heat treatment step as described by Pozzo et al.
25]. The enzyme was stored at 4 ◦C until use. Maltotriose was
cquired from Fluka, transglucosidase from A. niger (EC 3.2.1.20)
as from Megazyme (Wicklow, Ireland) and acetic acid and potas-
ium acetate were purchased from Merck (Darmstadt, Germany).
ther chemicals were of analytical grade.
.2. Hydrolysis and transglycosylation study
The purpose of the study was to evaluate different glucosidases
owards transglycosylation/hydrolysis activities at high substrate
onditions. For that, a standard set-up of pH 5 (acetate buffer
0 mM)  and 50 ◦C was chosen since under those conditions these
nzymes have shown to be highly active. Disaccharide was  dis-
olved in different concentrations and incubated at 50 ◦C for 10 min
n a thermoshaker. Then, glucosidase was added and reactions
ere shaken at 50 ◦C taking aliquots regularly. The enzymatic reac-
ions were quenched by adding 2 mM NaOH. Preliminary activity
ssays were performed in order to determine the following suit-
ble amounts of each enzyme to carry out the reactions: almond
lucosidase 1.32 U/mL (0.2 mg/mL), -glucosidase from S. cerevisiae
.88 U/mL (1.42 mg/mL), T. neapolitana ˇ-glucosidase 3B 1.32 U/mL
1.1 mg/mL), glucosidase from A. niger 0.07 U/mL (0.13 mg/mL),
ransglucosidase from A. niger 0.2 U/mL (0.2 L/mL). Units were
alculated over the hydrolysis of  or  p-nitrophenyl glucosiderse hydrolysis, (c) transglycosylation, (d) secondary hydrolysis.
except for transglucosidase from A. niger, which was used accord-
ing to the manufacturer’s speciﬁcations. Duplicates were run for
all experiments unless otherwise stated, showing average values
in all cases. Error bars were omitted in kinetic plots for a better and
clearer understanding.
2.3. Enzyme activity
The hydrolytic activity of the different enzymes was measured
using a spectrophotometric assay based on the hydrolysis of  or
 p-nitrophenyl glucoside. The absorbance of the p-nitrophenol
formed was  measured continuously at a wavelength of 400 nm in
a thermostat-equipped spectrophotometer at 50 ◦C using sodium
acetate buffer (50 mM,  pH 5.0). The concentration of the substrate
was 4 mM in the cuvette, and the enzyme concentration was  chosen
to allow for linear absorbance measurements for 5 min.
2.4. Measurements of hydrolytic and transglycosylation rates
Concentrations of the different species in the mixture were
determined by HPAEC-PAD (DIONEX, California, USA) with a
250 mm × 3 mm  i.d, 5.5 m CarboPac PA200 and a guard col-
umn  50 mm × 3 mm of the same material with a mobile phase
(0.5 mL/min) of constant NaOH and a gradient of sodium acetate.
Standards were used in order to determine which products were
formed during the different processes. Calibration curves for
maltotriose, maltose, cellobiose, isomaltose, panose and glucose
were obtained using appropriately diluted standard solutions. For
other transglycosylation products, concentrations were obtained
by using the maltotriose calibration curve. All initial rates are given
in mol  min−1 mg−1 or L−1 of enzyme depending on the formula-
tion. Initial rates were calculated by monitoring the concentration
of the products over 30 min.
3. Results and discussion
Rates of hydrolysis and transglycosylation were determined
over a wide range of substrate concentrations (from 20 to
320 mM)  for the different commercial enzyme preparations. For
the tranglycosylation rate, the concentrations of all the different
transglycosylation products were taken into account. The hydroly-
sis rate was  calculated on the basis of stoichiometry bearing in mind
that 1 mol  of glucose is released for 1 mol  of transglycosylation
product, and 2 mol  of glucose is released per mol of hydrolysed sub-
strate. A scheme showing the synthesis of a trisaccharide (panose)
from a disaccharide (maltose) through transglycosylation is shown
in Fig. 1. The catalytic site is formed by two  acidic residues (glu-
tamic or aspartic acid) that can act as a nucleophile and acid/base,
respectively.
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.1. Thermotoga neapolitana ˇ-glucosidase 3B and
-glucosidase from Saccharomyces cerevisiae
No transglycosylation products were observed with these
nzymes at any substrate concentration. It is worth pointing out
hat T. neapolitana ˇ-glucosidase 3B is quite efﬁcient in catalysing
ransglycosylation reactions with aliphatic alcohols as acceptors
15].
.2. Glucosidase from Aspergillus niger
Commercial glucosidase from A. niger was tested starting
rom cellobiose. In the initial phase of the reaction, two dif-
erent products were obtained (Fig. A.1). The main product
orresponded to cellotriose [D-Glc--(1-4)-D-Glc--(1-4)-D-Glc],
nd the other one was expected to be another trisaccha-
ide. Since gentiobiose was formed at longer reaction times,
he initially formed trisaccharide was tentatively identiﬁed
s 6-O--glucopyranosyl-cellobiose [D-Glc--(1-6)-D-Glc--(1-
)-D-Glc]. These observations agree with previous reports of 1-6
ransglycosylation products [7,8,26–28]. Transglycosylation prod-
cts were observed even at low initial concentrations of cellobiose,
ith an initial rate of 0.40 mol  min−1 mg−1 (3.0 mol  min−1 mg−1
or hydrolysis) at 20 mM (Fig. 2). The transglycosylation rate
ncreased with the initial substrate concentration, while the
ydrolysis rate decreased. The total reaction rate (the sum of trans-
lycosylation and hydrolysis) increased slightly with increasing
ubstrate concentration. A maximal yield of 9% of cellotriose was
ormed under the optimal conditions.
.3. Almond glucosidase
Commercial almond glucosidase was studied using cellobiose
s substrate. The hydrolysis rate increased with increasing sub-
trate concentration and no transglycosylation was observed at
oncentrations below 160 mM cellobiose. At higher concentrations,
 transglycosylation product was observed and higher rates were
btained with higher substrate concentrations (Fig. 3). These reac-
ions were followed for 4 h, affording in all cases maximum product
oncentrations after 1 h, followed by secondary hydrolysis of this
roduct (Fig. 4). Product yields obtained under the best conditions
ere below 3%. The product obtained corresponds to the minor
roduct obtained when glucosidase from A. niger was used, there-
ore, it was assigned to 6-O--glucopyranosyl-cellobiose.Fig. 4. Time course of 6-O--glucopyranosyl-cellobiose concentration using
almond glucosidase as biocatalyst at different substrate concentrations. 240 mM
(dotted line, circles), 280 mM (solid line, squares), 320 mM (dashed line, triangles).
3.4. Transglucosidase from Aspergillus nigerMaltose and cellobiose were tested as substrates for tran-
glucosidase from A. niger. Only maltose was  converted, and
transglucosidation products were already observed at a 40 mM ini-
tial concentration. A chromatogram is shown in the Appendix (Fig.
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.2) and the time course of the reaction is shown in Fig. 5. The
ain transglucosidation product was identiﬁed as panose [D-Glc-
-(1-6)-D-Glc--(1-4)-D-Glc]. In addition, isomaltose was formed.
his product reached its maximal concentration later than panose,
hich indicates that it was mainly formed by the hydrolysis of
anose. However, some isomaltose might have formed in the trans-
lycosylation reaction between maltose as donor and glucose as
cceptor substrate. Some maltotriose was present in the maltose
ubstrate, and this was consumed during the conversion. There was
hus no indication of the formation of glycosidic bonds other than
,6-bonds.
As expected, the higher the substrate concentration, the higher
he ratio between transglucosylation and hydrolysis rate (Fig. 6).
igher maltose concentration dramatically reduced the rate of
ydrolysis, reaching 5% of the maximal activity at 320 mM mal-
ose. Concerning transglycosidase activity, the reaction velocity
ncreased with substrate concentration up to 160 mM obtaining
,4 mol  min−1L−1. Higher concentrations of substrate inhib-
ted the enzyme activity. The inhibition kinetics can be expected
o be complex. In order to get an estimate of the inhibition, the
ransglycosylation rate was ﬁtted to a simple equation including
ichaelis-Menten kinetics and substrate inhibition [28]. The plotFig. 7. Time course of panose formation in the transglucosidation reaction catalysed
by  transglucosidase from Aspergillus niger at different initial maltose concentrations.
is shown in the Appendix (Fig. A.3) and the kinetic constants were
estimated, yielding a KM value of 28 mM and an inhibition constant
of 283 mM.
The reaction time needed to reach the maximal yield of panose
depended on the substrate concentration (Fig. 7). Since high mal-
tose concentrations favoured transglycosylation over hydrolysis, it
was expected that the maximal panose yield would increase with
increasing maltose concentration. This was  indeed the case up to
a maltose concentration of 160 mM at which a maximal yield of
69% was achieved. However, at even higher maltose concentrations
the maximal relative yields were lower (Fig. 7), possibly because
the negative effect of the high maltose concentration was more
pronounced on the transglycosylation reaction than on competing
reactions, such as the secondary hydrolysis of panose. The high-
est yield of isomaltose was  65%, which was obtained at the highest
maltose concentration tested (320 mM)  and a reaction time of 24 h.
3.5. Comparison of the transglycosylation activities of different
enzymes
The enzymes included in the current study varied signiﬁcantly
with respect to their ability to catalyse transglycosylation reac-
tions. The basic requirement for a high transglycosylation activity
is that the other acceptor can compete successfully with water in
the deglycosylation of the glycosyl enzyme intermediate. The ratio
between the transglycosylation and hydrolysis rates depends on
the intrinsic properties of the enzyme and the concentration of
acceptor. In principle, the concentration of water is also of impor-
tance, however, it can be considered constant in the relatively dilute
aqueous solutions normally used. The nature of the donor substrate
may  inﬂuence the ratio between transglycosylation and hydroly-
sis, in cases when the leaving group is still in the active site when
the competition between water and the other acceptor for degly-
cosylation of the glycosyl enzyme occurs. There are good kinetic
studies in the literature describing the detailed kinetics of com-
peting transglycosylation and hydrolysis reactions [26,29]. From
these studies, several kinetic constants can be obtained. However,
studies of that kind are quite labour intensive and consequently
not so frequently carried out. As a simple descriptor of the ability
of an enzyme to catalyse transglycosylation involving a particular
acceptor we  suggest to use the acceptor concentration required to
reach the same rate in the transglycosylation reaction as in the com-
peting hydrolysis reaction. These values are easily found in plots
like those presented in Figs. 2, 3 and 5. We call this descriptor T50.
Enzymes efﬁcient in catalysing transglycosylation will thus have
J. Mangas-Sánchez, P. Adlercreutz / Journal of Molecu
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Substrates and T50 values for the glucosidases studied.
Enzyme Substrate T50
T. neapolitana -glucosidase 3B Cellobiose No transglycosylation
Almond -glucosidase Cellobiose »320 mM
l
s
1
h
b
c
d
t
w
c
w
b
b
3
m
a
w
m
p
f
c
p
a
4
a
o
A
H
e
g
e
o
u
u
t
y
c
t
d
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[A. niger glucosidase Cellobiose 140 mM
S.  cerevisiae ˛-glucosidase Maltose No transglycosylation
A.  niger transglucosidase Maltose 30 mM
ow values, as shown by the A. niger transglucosidase in the present
tudy (30 mM,  Table 1). The A. niger glucosidase had a T50 value of
40 mM,  while the value of the almond -glucosidase clearly was
igher than the highest concentration studied here.
As pointed out by Gusakov et al. [21], the plot of the ratio
etween transglycosylation and hydrolysis versus the acceptor
oncentration should give a straight line, if the reaction ratio is
ictated by the competition between water and the other accep-
or, without further complication of the kinetics. Plots of this kind
ere constructed for A. niger transglucosidase and A. niger glu-
osidase (Appendix, Figs. A.4 and A.5). The plots were reasonably
ell described with straight lines, which indicate that competition
etween the acceptors was the main factor determining the ratio
etween the reactions.
.6. Use of different acceptors
To test whether A. niger transglucosidase can use other
onosaccharides as acceptors, reactions involved 40 mM maltose
s donor and galactose and fructose 400 mM as acceptors. Panose
as observed in the reaction mixture after a 3-h reaction, and iso-
altose was detected after 6 h, but no other transglycosylation
roducts were detected. Thus, the enzyme did not use galactose and
ructose as acceptors and the transglycosidase activity observed
ame from maltose autocondensation, indicating that the enzyme
ossesses a high selectivity towards glucose-based saccharides as
cceptors.
. Conclusions
In summary, we carried out a comparative study of hydrolysis
nd transglycosylation activities of different glucosidases. Three
f the biocatalysts tested catalysed transglycosylation reactions.
spergillus niger -glucosidase preferentially formed -1-4 bonds.
owever, -1-6 bond products were also observed to a lesser
xtent. In contrast, only -1-6 bonds were formed using almond
lucosidase. In both cases, high substrate concentrations were nec-
ssary for the generation of transglucosidation products, and those
btained were in poor yields. The best results were obtained when
sing -transglucosidase from A. niger. Transglucosidation prod-
cts were observed even at low substrate concentrations, and in
his case panose was the primary product detected. The highest
ield (69%) was obtained starting with a 160 mM initial maltose
oncentration. However, higher concentrations did not lead to bet-
er results due to substrate inhibition. Longer reaction times also
id not result in higher yields as a result of panose hydrolysis,
[
[
[lar Catalysis B: Enzymatic 122 (2015) 51–55 55
producing isomaltose which also resulted in good yields (65%)
after 14 h. These results show the potential of glucosidases act-
ing as transglucosidases for the preparation of oligosaccharides in
very mild reaction conditions and avoiding tedious protection and
deprotection steps.
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